The mathematical model describing drug flux through microporated skin was previously developed. Based on this model, two mathematical equations can be used to predict the microporatio-enhanced transdermal drug flux: the complex primal equation containing a variety of experimentally-determined variables, and the simplified straightforward equation. In this study, experimental transdermal fluxes of three corticosteroids through split-thickness human skin treated with a microneedle roller were measured, and the values of fluxes compared with those predicted using both the more complex and simplified equations. According to the results of the study, both equations demonstrated high accuracy in the prediction of the fluxes of corticosteroids. The simplified equation was validated and confirmed as robust using regression analysis of literature data. Further, its capability and ease of use was exemplified by predicting the flux of methotrexate through the skin microporated with laser and comparing with published experimental data.
Introduction
Due to its significant barrier properties, the stratum corneum (SC) presents major limitations to transdermal delivery of topically applied drugs. The barrier properties of SC, that are often described using a socalled brick and mortar structure, effectively restricts permeation of drugs molecules deep into the skin and underlying tissues [1, 2] . However, in the last two decades researchers have made a significant effort in investigating diverse chemical and physical enhancing techniques which lead to increased permeation of drugs through the skin, and revealing the potential of transdermal drug delivery as an important technique for therapeutic treatment and vaccination [3] [4] [5] [6] .
Microporation is one such physical technique that can be used to enhance transdermal drug delivery. The mechanism is based on the creation of micron-sized pores/holes in the SC before the application of a drug formulation, such as a cream, a gel, or a solution, etc. Such a technique can contribute up to 200-fold enhancement of transdermal permeation of drug molecules through the created pores/holes, compared to intact skin. If microporation is conducted gently, the resulting disruption of the SC causes no damage to the nearby tissues and nerve endings that are located in the dermis [7] . Further, the microporated SC barrier is restored within 1-2 days of being disrupted [8] . To date, several methods of microporation have been investigated: thermal ablation, radiofrequency ablation, electroporation, laser ablation and removable microneedles [7] . The technique of microporation is regarded as minimally or non-invasive, depending on application method, as well as being targeted and safe [9] .
A major issue in drug delivery across microporated skin is that its rate cannot be easily predicted. This is a serious limitation for the microporation technique to be widely adopted into clinical practice. Recently, a new mathematical model for the prediction of drug flux across microporated skin was developed by Rzhevskiy et al. [10] . This model resulted in a relatively complex equation for skin resistance that contained many parameters, including diffusion and partition coefficients of the drug in the vehicle and in skin, the thickness of the skin layers, etc. A simple equation to predict the flux was then derived from the complex equation, using approximations to parameters and various assumptions, and validated with experimental data obtained from the literature [10] . However, as there were many simplifying assumptions made for the derivation of the simple equation, in this study, we further validate the simple equation with the experimental data generated in our laboratory. Additionally, regression analysis was applied to further check the robustness of the simple equation. We compare the accuracy of predictions of the fluxes of three corticosteroids through the skin treated with a microneedle roller, using the simple and complex equations. In order to apply the complex equation, the transport parameters obtained experimentally in our previous work [11] were used, in addition to the parameters measured in this study. Further, the potential of the simple equation to be used in practical cases was discussed.
Materials and methods

Theory
The mathematical model, which describes permeation of drug flux from an aqueous vehicle through microporated skin, was previously developed [10] . The model was developed for the scenario when created pores/holes are distributed with a regular interspacing over the exposed area of skin. Based on this model, the flux (J) through microporated skin was derived as: 
where C v , n p , r p and l p are the concentration of the drug in the vehicle, pore density, pore radius and the spacing between the neighbouring pores respectively. Additionally, h sc is the thickness of the SC, h s is the depth below the SC where concentration is assumed to be zero, h v is distance above the SC where drug concentration in the vehicle is assumed constant and
. Further, D v and D s are the drug's diffusivities in the vehicle and viable skin, respectively, and K s is the partition coefficient of the drug between the viable skin and the vehicle. Finally, u(x) is the unit step function (
Eq. (1) for the flux through microporated skin was approximated as:
where MW is the molecular weight of the drug.
Importantly, it was necessary to apply several reasonable assumptions and approximations to derive the simple, convenient and straightforward Eq. (2) . Also, a number of assumptions was made during its validation with the experimental data obtained from different studies. Notably, the average radius of the pores for the case of microporation with microneedles was estimated from the needle's dimensions, that is a simplification and potentially a significant source of error. Overall, given the many assumptions, Eq. (2) gave a good but not perfect accuracy of prediction, with the predicted values which varied within a factor of 5 of unity (i.e., 0.2 < ratio < 5). Further, it was indicated that the accuracy of prediction was different for the drugs from diverse pharmacological groups.
In the current study, there were three major aims:
1. To compare the accuracy of prediction of drug flux through microporated skin, given by Eq. (2) and the complex equation of the drug flux (Eq. (1). It was also aimed to indicate whether the equations are applicable for the case of irregular interspacing of pores over the microporated area of skin as well as nonround shape of the pores. Skin microporation was performed with a microneedle roller. Three drugs from a group of corticosteroids were applied: hydrocortisone, desoximetasone and triamcinolone acetonide as there transport parameters in the dermis were previously established in our lab [11] . 2. To perform statistical validation of the simple Eq. (2) by regression analysis.
As the simple equation was derived with many assumptions on the value of parameters, most importantly that diffusion coefficient in the dermis is proportional to that in aqueous phase, it is reasonable to establish the derived equation's form robustness by using regression with the experimental data. The following regression equation was used:
where A, b, c and d are parameters to be varied in the regression analysis. According to the original Eq. (2), these constants are A = 0.36, d = b = 1 and c = 0.6. Taking the logarithm of Eq. (3), it can be linearised:
allowing linear regression to be performed, thereby guaranteeing that a global minimum is found. The regression analysis was performed using Scientist software.
3. To highlight the practical potential of Eq. (2) in terms of its usefulness in the design of in vitro and in vivo experiments.
Ethical approval
The experimental part of the study was conducted under the ethical approval from Metro South Princess Alexandra Hospital (HREC/16/ QPAH/064) and The University of Queensland Human Research Ethics Committee (2008001342).
Chemicals
Hydrocortisone, desoximetasone and triamcinolone acetonide were purchased from Sigma-Aldrich (Australia).
Preparation of skin for the in vitro experiments
Human abdominal skin segments for the experiments were obtained from patients undergoing abdominal plastic surgery. The skin was taken from three different female donors aged 47, 45 and 59 for the experiments with hydrocortisone, desoximetasone and triamcinolone acetonide, respectively. Adipose tissue was removed from the bottom part of the skin segments with surgical scissors and a scalpel, then the skin segments were stretched over and attached with pins to the rectangular wooden boards. The stretched skin was dermatomed with a Padgett Air Dermatome Model C (Integra LifeSciences Corporation, Cincinnati, USA). The desired thickness of dermatomed skin was set up at 500 µm on the dermatome thickness scale, while the actual dermatomed skin thickness was measured with Vernier caliper by placing a piece of the skin, dermatomed from each segment, between two glass slides. The thickness of skin was calculated by deducting the thickness of two glass slides from the total thickness of two glass slides with a piece of skin between them.
Skin microporation with microneedle rollers
Each dermatomed skin segment was placed and stretched on a cork board that was covered by Parafilm. Subsequently, a microneedle roller ( Fig. 1 ) containing 540 microneedles in total, with the length of microneedles at 250 µm, was applied to the sections of the skin one (1 × rolled) or two (2 × rolled) times. For the second time application the microneedle roller was applied in the direction perpendicular to the first application. Fig. 2 shows the result of the microneedle applications for 1 × rolled ( Fig. 2a and b ) and 2 × rolled ( Fig. 2c and d ) skin sections.
To keep the force of microneedle roller application approximately constant, a cork board with the skin on it was placed on a flat surface kitchen balance. The force of the roller application was kept in a range of 4-5 N (400-500 g). A new microneedle roller was used for each set of experiments with a new drug, to ensure that the sharpness of microneedles, and consequently the depth of penetration and radius of all created pores remained approximately constant.
In vitro experiments
The experiments were conducted using Franz cells with a diffusion area of 1.33 cm 2 . For the study with each drug four replicates were used to estimate drug flux through both 1 × rolled and 2 × rolled skin. The receptor chamber of each Franz cell was filled with PBS at pH 7.4. As the study was conducted over 48 h, the receptor phase also contained sodium azide at the concentration of 0.05 wt% to prevent potential bacterial deterioration of the skin. The cells were placed in a water bath, equipped with a magnetic stirrer, at the constant temperature of 37°C. Prior to filling the donor chamber with drug solution, it was filled with 0.5 ml of PBS and the skin was equilibrated for 30 min. After the equilibration, PBS was removed from the donor chamber with delicate tissues (Delicate Task Wipers, Kimtech®). Following that, the donor chamber of each cell was filled with 1.5 ml of saturated PBS drug solution and covered with a sheet of Parafilm to prevent evaporation of the solution. The saturated solution of each drug was prepared by stirring an excess amount of drug in PBS at pH 7.4 for 24 h at ambient conditions, and followed by filtration with a syringe through a 0.22 µl polyvinylidene fluoride filter (Millipore Ireland ltd, Cork, Ireland). Samples of 200 µl were taken from the receptor chamber at eight time points: 6, 12, 18, 24, 30, 36, 42, and 48 h after the beginning of experiment, and replaced with fresh receptor phase.
HPLC analysis
In order to analyze the samples, 80 µl were taken from each sample and mixed with 20 µl of an internal standard. The internal standards were: Triamcinolone acetonide for hydrocortisone and desoximetasone, and desoximetasone for triamcinolone acetonide. The analysis was performed by HPLC (Shimadzu, Kyoto, Japan) using a C18 column (Waters® Symmetry C18, 5 µm, 150 × 3.9 mm)fitted with a guard column (Phenomenex® C18, 4 × 3 mm). An acetonitrile (ACN) water solution (40% ACN:60% water) was used as a mobile phase at a flow rate of 1 ml/min. The injection volume was set at 80 µl and detection wavelength at 245 nm. The retention times were 4.6, 5.7 and 2.8 min for triamcinolone acetonide, desoximetasone and hydrocortisone, respectively. The concentration of saturated solutions of drugs were estimated in the same manner after an appropriate dilution.
Visualisation of created micropores, estimation of density and average radius of the pores
A 2 × 2 cm piece of female human abdominal dermatomed skin of 500 µm thickness was placed on a firm backed cork board and derma roller was applied in a single roller action and a double roller action as described above in "Skin microporation with microneedle rollers" section. Rose Bengal dye which has a molecular weight of 974 was used to visualise the pores made by the derma roller. It has an advantage of not showing lateral transport in the pores due to its high molecular weight and therefore a relatively slow diffusion. Hence, only the dye in derma roller holes would be visualised. The dye at a concentration of 0.1 mg/ mL was prepared in MilliQ water, and 200 µl was added to the surface of the skin followed by gentle rubbing with a finger glove to ally it to the roller treated surface. The excess dye was wiped out from the surface using a dry Kimwipe (Kimtech Science® brand tissue paper). Images ( Fig. 2(a) and (c)) were acquired using a Zeiss Stemi 2000-C optical microscope with a Zeiss Axiocam ERc 5s camera. A calibrated scale bar was used to measure the width and length of the pores using the AxioVision software (Release 4.8.2).
In a parallel treatment regimen as described above after applying the rose Bengal to the derma roller treated skin, imaging was carried out by using MPM-FLIM. The imaging was performed at an excitation wavelength of 920 nm using the DermaInspect® system (JenLab GmbH, Jena, Germany) as previously described [12] . An ultra-short-pulsed, mode-locked, 80-MHz Titanium Sapphire laser (Mai Tai, Spectra Physics, Mountain View, California, USA) was used for excitation. The laser is tunable within a range of 710-920 nm and has an 85 fs pulse width. An objective lens C-Apochromat 10×/0.45 W (Carl Zeiss, Germany) was used and the space between the sample and the objective lens had a special water emersion lens solution for the (10×) magnification objectives. An excitation wavelength of 920 nm (two-photon) was used to excite Rose Bengal fluorescence. A constant incident optical power of 31 mW, which is controlled at the rear of the objective, was used during imaging. Scattered laser light was suppressed by a 650 nm short-pass filter (Schott BG39 glass color filter) prior to reaching the FLIM detectors. The signal was further split into four wavelength intervals by dichroic beam splitters: 350 to 450 nm, 450 to 515 nm, 515 to 620 nm and 620 to 650 nm. The detection channel with 515 to 620 nm [12] [13] [14] [15] [16] [17] [18] wavelength range was most suited for the Rose Bengal signal. The single-photon pulses were collected by a time-correlated single-photon counting (TCSPC) SPC-830 module (Becker and Hickl [B&H], Berlin, Germany), integrated into the MPT system. For each FLIM image, the acquisition size was 74 × 74 µm 2 with a scanning exposure of 13.4 s.
The skin was imaged at the surface to identify the derma roller created needle holes (Fig. 2(e) ). Images were acquired within 5 min of treating the skin with Rose Bengal post derma roller application.
Results and discussion
Predicting the flux of corticosteroids
The average thickness of dermatomed skin pieces, obtained from three different human donors, was indicated at 350 µm. Skin from single donor was used in the experiment for each corticosteroid. The values of cumulative drug amount in the receptor phase, estimated in accordance with the sample analysis performed with HPLC are demonstrated in Table 1 . Fig. 3 shows that the trends of drug permeation across microporated skin versus time were linear for all three drugs. It is also apparent from Fig. 3 and Table 1 that drug permeation across 2 × rolled skin is approximately two times higher than the permeation across 1 × rolled skin for all three compounds. Such a linear relationship between pore density and drug flux is consistent with modelling presented in [10] , and both Eqs. (2) and (3). Table 2 contains the values of variables relevant for both Eqs. (2) and (3), and the values of the steady-state experimental drug fluxes and Fig. 2. Images of the 1 × rolled ((a) , and the same image with pores highlighted by black circles (b)) and 2 × rolled skin ((c), and the same image with pores highlighted by black circles (d)), with the micro-pores stained with Rose Bengal dye. The FLIM image of a single micro-pore (e).
the fluxes predicted by the equations. The average density of created pores (over an area of about 1 cm 2 ) was estimated at 52 pores/cm 2 for 1 × rolled skin and twice as high for 2 × rolled skin (104 pores/cm 2 ) (Fig. 2 (b) and (d), respectively) . According to Fig. 2 , due to the unequal interspacing between microneedles on the microneedle roller (Fig. 1) , the horizontal interspacing between the pores on 1 × rolled skin was 1.5 times higher than the vertical interspacing. Further, the arrangement of pores on 2 × rolled area appeared irregular due to the second roller application not being perfectly and consistently aligned with holes created by the first application. Therefore, in this study Eqs. (2) and (3) will be applied for the scenarios when interspacing between the pores is irregular, which does not satisfy one of the assumptions made in deriving of the mathematical model [10] . This will test the applicability of the model and the equations for more realistic situations, as it is not always possible to achieve regular interspacing between the created pores, especially in the case of multiple application of a microporation technique over the same area of skin. The average values of l p for 1 x rolled and 2 × rolled skin were calculated in accordance with the pore density, to be applied for Eq. (3) ( Table 2) . Further, as the pores created with microneedles usually had non-circular shape (Fig. 2(e) ), as opposed to the pores created by laser ablation [13] [14] [15] [16] , an effective radius of the pore was used. The effective radius of the pores was estimated by adding a maximum longitudinal dimension of each pore to its average dimension in direction transverse to the longitudinal and dividing the obtained value by four. Thus, the average effective radius of the created pores was calculated to be 33.5 µm. The steady-state experimental drug fluxes were calculated from cumulative amount versus time slopes using all data points in Excel.
The results of predicted fluxes in Table 2 demonstrate generally excellent prediction of the drug fluxes with both equations, Eq. (2) (J pred1 ) and Eq. (3) (J pred2 ). Eq. (2) gives a relatively higher accuracy of predictions for desoximetasone compared to the predictions by Eq. (3). The better results by the simple equation are probably a reflection in uncertainty of determining parameters for the Eqs. (2) and (3), such as the average radius. Fig. 4 highlights the strong correlation between the fluxes predicted with the simple Eq. (2), and experimental fluxes from the data collected in the study by Rzhevskiy et al. [10] and Table 2 . Interestingly, the accuracy of predictions of drug fluxes across 1 × rolled and 2 × rolled skin is relatively similar, while it was expected that the more irregular interspacing between pores in 2 × rolled skin (Fig. 2(c) ) should have led to a poorer accuracy.
Thus, the lack of regular interspacing between created pores does not appear to influence flux predictions with Eqs. (2) and (3), demonstrating a robustness and high flexibility of the model in application to practical cases of microneedle treated skin. Although all three solutes investigated in this work were lipophilic (with logP of 1.6, 2.3 and 2.5 for Hydrocortisone, Desoximetasone and Triamcinolone acetonide respectively) the flux through the skin for all of them was significantly enhanced by microporation. This enhancements demonstrates that though the SC barrier has lipophilic pathways that would, intuitively thinking, favour the penetration of lipophilic solutes, the aqueous pathways created by microporation result in a much higher flux. The explanation to this apparent contradiction is twofold. Firstly, as was previously demonstrated [17] , lipophilicity plays a relatively minor role in determining the maximum flux of solutes through skin, distinct to a strong dependence of a permeability coefficient (a less physiological parameter) on lipophilicity. Secondly and most importantly, the diffusion coefficient in the viable skin is many orders of magnitude higher than the effective diffusion coefficient in the SC, so that even lipophilic solutes with relatively poor aqueous solubility have a very significant flux through large aqueous pathways created by microporation. Table 3 represents the results of five regression analyses, using Eq. The values in Table 3 demonstrate that the best improvement, compared to the unmodified, theoretically derived, parameters is achieved when A is varied, as R ) is not reasonable and is most likely the result of using too many regression parameters (four) on too few data points (49). Further contributing to the poor outcome when regressing all parameters may be the correlation of parameters with each other.
Statistical validation of the simple equation by regression analysis
Practical application of the simple equation
In general, it can be concluded that the simple Eq. (2) gives a good prediction, and is generally more practical than the complex Eq. (3). Table 1 The cumulative amounts of the drugs permeated through 1 × rolled and 2 × rolled skin.
Drug
Cumulative amount at 48 h 1 × rolled skin (µg cm 
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Therefore, Eq. (2) is potentially applicable to the estimation of drug delivery through microporated skin in practical cases of drugs which do not bind or metabolize within the skin to a significant degree, and are delivered using an aqueous drug vehicle. Eqs. (2) and (3) can be applied to any case where micropores are produced in the skin [10] , therefore as a model case, the prediction of the delivery of methotrexate (MTX) through the skin microporated with erbium: yttrium aluminum garnet (Er:YAG; 2940 nm) laser will be investigated. MTX belongs to the group of folate antagonists, and has anti-inflammatory and chemotherapeutic properties [18] . One of the major uses of MTX is the treatment of localised rheumatic disorders, and rheumatism in particular. Anti-rheumatic treatment with MTX is usually performed via parenteral or oral administration routes with a relatively low bioavailability, using high doses of the drug. However, such systemic MTX administration is associated with several adverse effects, and therefore topical administration is preferable as it may potentially minimize possible complications.
Originally, topical treatment of rheumatism with MTX was considered ineffective, due to the low permeability of the drug through intact skin. In a recent in vitro study by Taudorf et al., skin microporation with a fractional 2940 nm Er:YAG laser was shown to be effective in enhancing topical MTX delivery [19] . In this study, the laser created round-shaped micropores in full-thickness porcine skin at an average radius of 137.5 µm and a density of 47 pores/cm 2 . The experiments were conducted in Franz cells with the diffusion area at 0.64 cm 2 , at 37°C, using microporated and intact skin. A 10 mg/ml MTX solution, prepared by appropriately diluting Metex® 50 mg/ml aqueous solution for injection with 7.39 pH PBS was applied as a donor and PBS was used as a receptor. In the experiments with microporated skin, the average concentration of MTX in the receptor was found to be 1.25 mg/ml after 24 h, while in the experiments with intact skin the average concentration of MTX in the receptor was 0.006 mg/ml after 21 h. Thus, skin microporation provided approximately 200 times higher transdermal delivery of MTX compared to the MTX delivery through intact skin [19] .
The average experimental transdermal flux of MTX through the microporated skin was 55.6 µg cm −2 h −1 (calculated in accordance with the amount of drug in the receptor after 24 h of the experiment, considering the first 1.5 h as a lag time). Using Eq. (2) the predicted MTX flux was 59.2 µg cm −2 h −1 (calculated in accordance with the values: MW at 454 Da, r p at 0.01375 cm, n p at 47 cm −2 and C v at 10,000 µg/ml [19] ), a 6.5% difference from the experimental value. Therefore in this case, Eq. (2) can be reliably applied to estimate the transdermal drug flux in vitro. Further, Eq. (2) can assist in an estimation of the accumulation of the drug in the underlying tissues for an in vivo model, if the rate of drug clearance from the tissues is appropriately modelled. For instance, as the drug flux through microporated skin has a linear dependence on the radius and density of created pores, the two times increase in one of these variables is required to achieve the twice higher transdermal drug delivery. Consequently, Eq. (2) can be used in the design, prediction and validation of the results obtained in vitro and in vivo, particularly in the investigation of rheumatism treatment via microporation-enhanced transdermal MTX delivery.
Conclusion
In this study, we measured experimental fluxes of three corticosteroids through microporated human skin to assess the validity of previously derived equations. The results indicated that both simple and complex equations gave good approximation. However, the simple Table 2 The values of experimental fluxes (J exp ) of the corticosteroids through the skin treated with the microneedle roller and the related fluxes predicted by Eq. (1) (J pred1 ) and Eq. (3) (J pred3 ), and the parameters relevant for these equations as defined in Eq. (1). a The data for D v (equal to diffusion coefficient in water) was calculated in accordance with the previously developed mathematical model [10] . b The data for K s was calculated in accordance with the solubility of the corticosteroids in dermis reported in the paper by Anissimov and Roberts [11] , and the corresponding values of solubility in the donor solution (= C v ). c The data for D s (assumed equal to the diffusion coefficient in dermis) was obtained from the paper by Anissimov and Roberts [11] . Table 2 (red squares), and the data collected in the paper by Rzhevskiy et al. [10] (black circles). [12] [13] [14] [15] [16] [17] [18] equation (Eq. (2) was preferred to the complex equation (Eq. (3), as it was more convenient and contained fewer experimentally-determined variables, which may be difficult to obtain for some drugs. A good agreement between the predicted and experimental fluxes was achieved in this work in spite of irregular interspacing between the pores and their non-circular shape, which was nor previously confirmed for the equations [10] . Such a feature highlights the robustness and flexibility of the equations and underlines their applicability for the design of in vitro and in vivo experiments. The simple equation form was also confirmed by regression analysis, indicating that the literature data supports its current form. To further validate and exemplify the use of the simple equation, it was applied to predict experimental microporation-enhanced MTX flux which was compared to the literature data. The results indicated a high accuracy of prediction, which suggested it can be used for insights for analysing and planning in vivo experiments and clinical investigations for the treatment of localised rheumatic disorders via microporationenhanced transdermal MTX delivery. At this stage, the prediction of drug flux through microporated skin with simple equation is confirmed for aqueous vehicles and when a drug does not metabolize or bind in skin. Further work is required to extend the model to a wider class of drugs and more general application conditions.
